Conventional P-P seismic images of geothermal reservoirs are often of poor quality because P-P data tend to have a low signal-to-noise ratio across geothermal prospects. Fracture identification, fluid prediction, and imaging inside subsurface areas influenced by superheated fluids are some of the challenges facing the geothermal industry. We showed that multicomponent seismic technology is effective for addressing all of these challenges across geothermal reservoirs, even when P-P data are of low quality. Although multicomponent seismic technology has advantages in geothermal exploration, there are not many published examples of multicomponent seismic data being used to characterize geothermal reservoirs. We evaluated data examples that illustrate advantages of multicomponent seismic technology for imaging within and below zones having superheated fluids, estimating fracture attributes, analyzing reservoir trapping structures, differentiating lithologies, and predicting spatial distributions of pore fluids. All examples we tested are from the Wister geothermal field in Southern California.
Introduction
Conventional P-wave (P-P) seismic technology often does not provide information that engineers need to optimize geothermal energy production, usually because P-P data have a low signal-to-noise ratio (S/N) in numerous geothermal environments. The reasons why P-P data have low S/N values across geothermal systems vary from prospect to prospect, but common causes are complex faulting, high attenuation of P-waves in zones having concentrations of superheated fluids in rock pores, and dramatic lateral variations in P-wave velocities in geothermal strata.
Joint interpretations of P-wave and S-wave data across oil and gas prospects provide more information about subsurface structures, lithology distributions, and pore-fluid saturants than do interpretations of only P-P data (Stewart, 2010) . Fundamentally, S-wave seismic data have equal value to P-wave data in geologic interpretations, which leads to the conclusion that seismic stratigraphy analyses in any geologic province should be based on joint interpretations of P and S data rather than restricting interpretation to only single-component P-wave data (Hardage et al., 2011) . Our reason for publishing this work is to provide a case history that emphasizes the importance of joint interpretations of P and S data across geothermal areas. Our study uses 3D converted-S (P-SV) data acquired at Wister geothermal field in the southern portion of the Imperial Valley of California.
Regional stratigraphy
The Wister geothermal field is a Cenozoic sedimentary basin that contains two reservoir intervals of interest. Upper Pliocene strata contain the Palm Spring Group, composed of thick accumulations of nonmarine sedimentary rocks that form the shallower Canebrake/ Olla/Diablo formation. The Latrania formation is conformably overlain by regionally extensive fine-grained marine deposits of the deeper Deguynos formation (Remeika, 1995; Winker and Kidwell, 1996) . Stratigraphic analysis from wells 12-17 shows that the Canebrake/ Olla/Diablo reservoir is approximately 170 m (558 ft) thick with a measured top depth of 488 m (1600 ft). In addition, the Deguynos reservoir was measured to be more than 610 m (2000 ft) thick beginning at approximately 1173 m (3850 ft) measured depth.
Data acquisition and processing
A 13.5 mi 2 multicomponent (3C/3D) survey (Figure 1 ) was acquired using vertical vibrator sources and single-point multicomponent (3C) geophones. Source line configuration included 17 source lines, oriented in a north-south direction, with 402 m (1320 ft) source line intervals and 67 m (220 ft) source station spacing. There were 47 receiver lines, oriented southwest-northwest, containing a total of 1836 single-point geophones. Receiver line intervals were 268 m (880 ft), and the receiver station spacings were 95 m (311 ft).
Conventional P-P data processing methods, using common-midpoint (CMP) binning, provided important statics corrections and stacking velocities that were subsequently incorporated into the P-SV data processing flows. Refraction statics on the 3C/3D data were computed with two passes of residual statics, and velocity analysis performed on a half-mile grid. The P-P data processing was completed to a final migrated stack before P-SV data processing was initiated.
The P-SV data processing effort used the commonconversion point (CCP) binning method. Several authors (Chung and Corrigan, 1985; Garotta, 1985; Frasier and Winterstein, 1990) have outlined P-SV data processing methods in detail. One key difference between CMP and CCP binning is that the P-P data processing relies on symmetric raypaths, where a reflection point can be found by dividing the source-receiver offsets by two. In contrast, the P-SV data raypaths have asymmetric trajectories. Consequently, the reflection point, according to Snell's law, will be closer to the receiver location. There are many factors that can impact the reliability and accuracy of P-SV data. For example, poor velocity analysis can impact the spatial alignment in the CCP binning process. In addition, inconsistent static estimations can lead to erroneous time structure within the P-SV data volumes. These concerns were considered when interpreting the 3C/3D seismic data volumes.
Gas cloud imaging
The ability of multicomponent seismic data to image within gas clouds and beneath shallow gas zones is well documented (Barkved et al., 2004; Thompson, 2005) . Compared to incompressible liquids, any gas, including hot steam, strongly attenuates P-wave energy. Thus, gas-filled pores attenuate P-waves because a P-P wave mode propagates through the rock framework and the fluids in the rock pores. S-waves, on the other hand, pass through gas-invaded zones almost undiminished because S-wave displacements propagate through only the rigid framework of a rock.
In our study, a multicomponent 3D survey extended across several poorly imaged P-P seismic zones of Wister field, where it appeared invading hot steam attenuated P-P reflection signal. We conducted the interpretation described here using the assumption that P-P data quality at Wister field was degraded when zones of superheated fluids existed within the seismic image space. Because P-wave seismic data consistently had a low S/N in these superheated fluid-invaded intervals, stratigraphy within and beneath these zones could not be properly evaluated with P-P data. In contrast, P-SV data provided valuable images within these superheated fluid-affected layers, showed local faults, and allowed underlying structure to be interpreted. For easier comparison, all subsequent P-SV seismic sections are time-squeezed relative their corresponding unsqueezed P-P seismic sections. In each figure, the P-SV time axis has been adjusted to P-P time. This time morphing was created using a log-based V P ∕V S velocity ratio, where the data were adjusted to a depth datum of 460 m. An example that illustrates the principle that P-P reflection events are difficult to observe within a superheated fluid-invaded zone, whereas P-SV reflections are reasonably obvious and interpretable, is displayed as Figure 2 . In this comparison, P-P reflections inside the elliptical data window fade out, but P-SV reflections remain bold. A second example that demonstrates P-SV data below a superheated fluid-affected layer tend to be more interpretable than are P-P data is shown as Figure 3 . In this latter example, P-P data highlighted by the rectangle are low amplitude, but P-SV data are not as degraded. Examples such as these at Wister field allowed us to conclude multicomponent seismic technology is essential for interpreting any geothermal reservoir system, where there is a possibility that some strata may have saturation of gas in their pore systems. For example, a large attenuation of P-P reflection signal can be caused by a surprisingly small gas saturation of only a few volume percent.
Fault and fracture identification
Previous studies have documented the principle that P-SV data provide better resolution of faults than P-P data do (Cary and Couzens, 2000; Hardage et al., 2011) . This same observation is verified by multicomponent seismic data across Wister geothermal field. Numerous examples can be extracted from the Wister P-P and P-SV data volumes to illustrate S-wave data to provide more robust images of reservoir faults than do P-wave data. Two section-view comparisons of P and S depictions of faults are displayed as Figures 4 and 5. In each figure, data windows are drawn to indicate where interpreted faults are located. Visual inspection of these profiles confirms that in each case, P-SV data show better evidence of reservoir-related faults than do P-P data. Other examples evaluate the Wister seismic data volumes from a section-profile point of view to establish the principle that Swave data react more strongly to faults than do P-waves. This important faultinterpretation principle can also be illustrated using map views of P-SV and P-P coherency attributes to show that fault systems and fracture trends are better seen when they are viewed using P-SV coherency than when they are depicted with P-P coherency values ( Figure 6 ). The P-P coherence attribute map (Figure 6a ) has more areas of chaotic Figure 3 . Imaging across an interval interpreted to be invaded by a low saturation of high-temperature fluid. (a) P-P data in the interval (yellow rectangle) are degraded and difficult to interpret and (b) time-squeezed P-SV profile is not degraded as severely as P-P data and contains numerous interpretable events. Interpretation / May 2014 SE119 discontinuity than does the P-SV attribute map, and it is difficult to identify where faults are located using P-P reflection coherency. In contrast, discontinuities on the P-SV coherence attribute map (Figure 6b ) organize into numerous narrow trends that coincide with interpreted faults observed in section view (Figures 4 and 5) . Spatial distributions of faults and fractured zones can be estimated with greater confidence using the P-SV coherency map (Figure 6b ) than the P-P coherency map (Figure 6a) . Thus, the principle that fault and fracture interpretations are better done by combining P-and S-seismic data than using only P-wave data is supported by section views and map views of faultsensitive and fracture-sensitive seismic attributes.
Seismic structure analysis
The value of multicomponent seismic technology in exploration and development of stratigraphic traps in oil and gas prospects is increasingly recognized. However, the importance of joint interpretations of P and S data for improved structural analysis is less emphasized. In this context, we use the term structure to mean the geometrical shape of strata that may or may not be related to local faulting, and in some cases may be more related to stratigraphic processes than to tectonic processes. We show two examples as Figures 7 and 8. In the first comparison, P-P data inside the circled area indicate the targeted structure has a relatively constant down-to-the-left dip (Figure 7a ). In contrast, P-SV data imply the structure has an anticline appearance (Figure 7b ) and show the presence of a fault (not labeled) immediately to the right of the structure, close to the circle circumference. This fault is not obvious on the P-P data (Figure 7a ). Whatever the cause, two distinctly different structural pictures are presented by P-P and P-SV data. In some cases, the only way to establish confidence as to which wave mode, P-P or P-SV, provides the more accurate structural geometry will be to drill one or more evaluation wells.
The comparison displayed as Figure 8 shows a situation at Wister field, where P-P and P-SV data portray a targeted structure (labeled A) as a narrow anticline. However, the two wave modes Figure 6 . Coherency maps (Bahorich and Farmer, 1995) at the bottom of the Canebrake/Olla/Diablo formation, a geothermal reservoir interval at Wister field. Section views of profiles A and B are shown in Figures 4 and 5. (a) Coherency attribute extracted from P-P data. P-P coherency tends to be erratic and unorganized and (b) coherency attribute extracted from P-SV data. In several areas, P-SV coherency organizes into narrow trends that indicate faults within the reservoir interval. present a different picture as to the vertical dimension of the structure, with the vertical anticlinal effect being taller in the P-P image than in the P-SV image. In the P-P data, anticlinal folding continues in data window B. In contrast, P-SV data show no anticlinal folding in interval B. Drilling additional wells will be the most definitive way to determine which wave mode (P-P or P-SV) provides the more reliable structural picture at this location.
A third scenario is depicted in Figure 9 . Here, P-P data infer the presence of a small anticline inside the circled area ( Figure 9a) ; whereas, P-SV data indicate the structure has approximately constant dip (Figure 9b) . We have no data that will allow us to confirm which structural picture is correct -the P-P picture or the P-SV picture. The important point is that we have presented three examples of structural interpretations and found that each wave mode (P-P and P-SV) provides a different possibility for establishing the structural picture across Wister field. As interpreters, our opinion is that such contrary views must be given equal weight unless, and until, there is a firm reason to conclude one wave mode involves faulty data or improper imaging. An important conclusion is that in prospects where there is any possibility that there may be low gas saturations that affect P-P data, serious weight must be given to structural analyses based on P-SV data.
We close this section on structural interpretation by considering a feature that is synclinal in nature, not anticlinal. The seismic profiles to be compared are exhibited in Figure 10 . The circled data window in Figure 10a encompasses two levels of stacked syncline-appearing P-P reflections. This syncline appearance is absent on the P-SV image in Figure 10b . This feature is genetically related to local faults A and B. Fault A can be confidently interpreted in map view across a large portion of the P-SV image space and thus is draw as a solid line in Figure 10b . However, fault B is difficult to see in any sizable area of the P-P data volume, which is why it is shown as a dash line in Figure 10a . The boldness of the synclinal reflections in P-P image space caused us to temporarily consider the possibility the feature was a stacked depositional channel controlled by local faults. However, the feature could not be mapped across an area large enough to verify that it had any topographic resemblance to a channel. This example enforces our position that P-P and P-SV structural interpretations must be assigned equal weights of confidence until supporting data are available to confirm which of the differing interpretations is the more reliable.
Fluid prediction
The procedure described in this section uses numerical estimates of the effective frequency bandwidths of P and S data to estimate, where variations in type and volume of pore fluid occur across a seismic image area. This seismic attribute (effective frequency bandwidth) is only one of the numerous interesting, but unproven, parameters that can be created in a joint interpretations of P and S data. We will make several assumptions to apply the concept of Wister field and to general application across geothermal prospects.
As P-and S-waves propagate through a layered rock system, the frequency content of each wave mode is affected by several factors: the type of rock encountered on each raypath, the layered structure of the rocks, variations in porosity, type of fluid filling the rock pores, and other rock/fluid properties. For simplicity, we will segregate these effects into factors associated with the rock matrix and factors associated with the type of fluid Figure 9 . Set 2 of interpreted inline profiles. (a) P-P seismic data show an anticline structure and (b) time-squeezed P-SV seismic data do not show an anticline but indicate the structure has a relatively constant dip in which there are several downlapping terminations of individual units. Figure 10 . (a) A P-P profile showing a synclinal feature. The feature is suggestive of a channel but could not be mapped over a sufficient area to conclude a channel interpretation is justified and (b) the corresponding time-squeezed P-SV profile provides no evidence of a synclinal feature.
Interpretation / May 2014 SE121 filling the rock pores. Rock layering will affect P and S data differently if P-and S-wave modes have significantly different wavelength spectra. We will thus make an additional assumption that to first order, the P-P and P-SV data at Wister field have approximately equal wavelength spectra.
The effective frequency bandwidth of P-P data at the Canebrake/Olla/Diablo reservoir interval at Wister field is displayed as Figure 11a . A generalized low-to-high color bar scale is used to indicate effective-frequency bandwidth because specific numbers are not important in this interpretation strategy. Spatial variations in this frequency parameter are the result of all of the wavefield effects named above, and no doubt additional effects that are not mentioned. There are so many possible reasons for frequency variations in P and S data that it is not possible to sort out which frequency effect on the displayed map might be caused by spatial variations in type of pore fluid or in volume of pore fluid. One possibility for isolating frequency variations caused by spatial changes in type and quantity of pore fluid is to calculate the ratio of P-P and P-SV effective frequency bandwidths. This ratio for the Canebrake/ Olla/Diablo geothermal reservoir interval is displayed as Figure 11b . The color bar associated with this map is assigned numerical values in contrast to the color bar in Figure 11a .
To first order, when the previous assumptions are applied, P-P and P-SV data tend to be equally affected by factors related to the matrix of the rock encountered on their respective travel paths. In contrast, pore-fluid effects are more pronounced in P-P data than in P-SV data. Thus matrix-related effects on effective frequency P-P and P-SV bandwidths approximately divide out of the ratio parameter displayed in Figure 11b and cause the spectral ratio to be dominated by effects caused by spatial variations in pore fluid. Because higher-frequency components of P-P data tend to be attenuated when P-P waves travel through an increasing amount of pore-trapped gas, a tentative interpretation of the data displayed in Figure 11b is that lower values of the ratio of effective frequency bandwidth indicate where there are the largest pore volumes of superheated fluid, which can be caused by increasing concentration of gas, increased reservoir porosity, or both. The value of effective frequency bandwidth ratios for estimating spatial distributions in pore fluids is yet to be determined. We include the discussion of this parameter here only as an example of the numerous rock-sensitive and fluid-sensitive seismic attributes that can be calculated and used when geothermal interpreters perform joint interpretations of P and S data.
Conclusions
Joint interpretations of P and S data provide more information about rock and fluid properties than does an interpretation of only one seismic wave mode, whether that single mode is a P-wave or an S-wave. Our objective in this paper is to encourage the geothermal community to use multicomponent seismic data to evaluate geothermal prospects. A common point of view seems to be that because P-P seismic data are so often of poor quality across geothermal prospects, it is not economically advisable to invest additional capital to expand the amount and type of seismic data that will be used to characterize and manage geothermal reservoirs. We hope that by our use of P and S data across a geothermal field where P-P data are of marginal quality, and then showing the valuable information that becomes available when limited-quality P and S data are used in a joint interpretation at such sites, that geothermal operators will be encouraged to acquire and use multicomponent seismic data in future evaluations of geothermal systems, even if past experiences with P-P data have been disappointing.
We considered the following conclusions to be the key take-away points from the interpretation examples that we present in this paper: 1) S-mode data (in our case P-SV data) are more sensitive to faults and fracture zones than are P-mode data. We show the compelling examples of this principle in interpreted section views and in map views of appropriate seismic attributes. Because most of the geothermal prospects are found in fault provinces, and productive wells in most geothermal reservoirs are related to fracture zones, it seems imperative that the use of S-wave data be expanded within the geothermal production community. 2) If there is any possibility that superheated fluid in any concentration will invade rock pores at a geothermal field, then P-wave data will attenuate and dim out within and below the zones containing this fluid, Figure 11 . (a) P-P effective bandwidth attribute map across the Canebrake/ Olla/Diablo reservoir interval and (b) the ratio of P-P effective bandwidth to P-SV effective bandwidth for the same Canebrake/Olla/Diablo reservoir interval.
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but S-wave data will not. The improvement in image quality and image reliability provided by S-wave data can be dramatic. 3) P and S data may provide two different views of the structural configuration of strata within a geothermal field. There is no reason to bias a structural interpretation toward the option provided by one wave mode (either P or S) versus the option provided by the companion wave mode (whether P or S). Both structural possibilities should be given equal weight until drilling provides calibration data that justify such bias. Because P-P data have been successfully used to characterize reservoir systems many years longer than have S-mode data, there is a tendency by all seismic interpreters, whether they concentrate on oil/gas applications or on geothermal applications, to automatically accept a structural picture provided by P-P data in preference to a contradictory picture provided by S data. This unequal bias toward P-wave structural interpretations is beginning to be questioned by some interpreters.
